Sequences upstream from translational initiation sites of different E.coli genes show various degrees of complementarity to the Shine-Dalgarno (SD) sequence at the 3' end of the 16S rRNA. We propose a quantitative measure for the SD region on the mRNA, that reflects its degree of complementarity to the rRNA. This measure is based on the stability of the rRNAmRNA duplex as established by free energy computations. The free energy calculations are based on the same principles that are used for folding a single RNA molecule, and are executed by similar algorithms. Bulges and internal loops in the rRNA and mRNA are allowed. The mRNA string with maximum free energy gain upon binding to the rRNA Is selected as the most favorable SD sequence of a gene. The free energy value that represents the SD region provides a quantitative measure that can be used for comparing SD sequences of different genes. The distribution of this measure in more than 1000 E.coli genes is presented and discussed.
INTRODUCTION
Recognition of translational initiation sites by ribosomes involves several features of mRNA. These include the initiation codon and nucleotides in its vicinity, and the mRNA secondary structure (reviewed in 1-4). In particular, there is compelling evidence of involvement of a short sequence upstream from the translational start site, in ribosome binding, by base pairing with the 3' end of 16S rRNA (3) . This complementarity was demonstrated first by Shine and Dalgarno (5) , and the sequence at the 3' end of 16S rRNA, GAUCACCUCCUUA, or its complement on the mRNA are known as the Shine-Dalgarno region (hereinafter, the SD region). Different genes contain different sub-sequences of the SD region upstream from their translational start codons. It was demonstrated that the length of the SD sub-sequence and its location relative to the translational start codon affect the efficiency of translation initiation (1 -3,6) .
When examining the nucleotides upstream from the translational start positions of E.coli genes, an unequivocal identification of the SD sequence is not always obvious. In many cases, several sub-sequences of the SD region can be identified, enabling different base-pairings with the rRNA. From sequence examination alone it is difficult to compare the potential of the different mRNA strings for binding the SD sequence on the rRNA. In previous studies on ensembles of E.coli translational initiation sites, the SD sequences were located by searching for strings of at least 3 consecutive nucleotides (7, 8) . However, it is not clear that strings of consecutive nucleotides are the most favorable for interaction, and the selection of such a string is somewhat subjective. We were interested in a measure that would enable the selection of an optimal mRNA SD region based on a quantitative criterion. Our assumption is that the interaction that takes place between the rRNA and mRNA is the one that is energetically most stable, namely, the interaction with maximal free energy gain. We propose the use of thermodynamical considerations for selection of a preferred SD sequence among the various possibilities upstream from the AUG. Moreover, as the SD sequence is identified and defined by its free energy value, this measure enables a quantitative comparison among SD sequences of different genes.
We calculate the free energies (kcal/mol) for all possible duplexes between the 16S rRNA 3' end and a region of 21 nucleotides upstream from the start codon (9-13). The choice of that region is based on experimental evidence identifying the sequence that is protected against nuclease attack in an initiation complex, as spanning 21 nucleotides upstream and 14 nucleotides downstream from the translational start position (14, 15) . Computational sequence analyses based on information theory also identified this span of nucleotides as having a high information content (16, 17) . The mRNA sequence with the maximal free energy gain upon binding with the rRNA is selected as the SD sequence. We demonstrate a difference between the distribution of this measure upstream from translational initiation codons and upstream of internal AUG's in E.coli genes, and examine the genes with extreme values of free energy.
METHODS
Our database includes 1159 sequences of complete genes (from start to stop codon) fetched from E. coli genome database, ecogen5 (18, 19) . For each gene, we use a region of 21 nucleotides * To whom correspondence should be addressed upstream from the translational start position. The calculations are done for the SD region of the mRNA molecule in its state just prior to ribosome binding, assuming it is momentarily not involved in any intra secondary structure and is available for pairing with the rRNA. For the rRNA SD, we use the 13 nucleotides at the 3' end of the 16S rRNA (see above). These are thought to be unpaired and available for annealing with the mRNA (20) .
We have developed a computer program that generates all possible sub-sequences in the -21 to -1 region relative to the translational start codon, and evaluates their potential for pairing with the SD sequence at the 3' end of the 16S rRNA. For each such pairing, the program calculates the free energy value of the rRNA-mRNA duplex. We use the experimentally measured free energy values of Freier et al. (12) , and apply the improvements generated by Jaeger et al. (13) after optimizing the penalties for gaps. In general, the considerations used in pairing between rRNA and mRNA are similar to those used for the folding of a single RNA molecule (10) (11) (12) (13) . In case of a mismatch, only internal loops and bulges are allowed (no hairpin loops are allowed in either the mRNA or rRNA). Dangling ends are not included in the free energy calculation. GU base pairs are allowed only in internal positions. The free energy loss by duplex initiation, 3.4 kcal/mol (12) , is taken into account.
The sub-sequence that yields the lowest free energy value upon binding is selected as the SD sequence. When several subsequences yield the same minimal free energy value, one of them is randomly chosen. Such sub sequences are found in 15% of the studied genes. Usually, these sub sequences differ only in minor components, such as a bulge location (for example, see figure 1 ). For each gene the program lists the nucleotides participating in the optimal pairing of the mRNA with the rRNA and the free energy value for that pairing.
Computer facilities
The program is written in Fortran 77 and run on VAX 9000-210 (VMS V5.5-2).
RESULTS AND DISCUSSION
For each sequence (21 nucleotides long) in the database, the program generates all possible pairings between the mRNA and rRNA that comply with the above considerations, and calculates the free energy of the duplex. On the average, 133383 combinations per sequence (s.d. = 87739) have been generated and evaluated. The string of mRNA nucleotides with the lowest free energy value upon binding with the rRNA has been selected. Thus, the SD region of each gene is represented by a sequence and a free energy value of its pairing with a defined sub-sequence of the rRNA. Figure 2 describes the frequency of pairs of mRNA-rRNA nucleotides involved in the optimal pairing, as indicated by the free energy considerations. The average number of paired nucleotides per sequence is 6.3. As demonstrated in the last column, the most frequent rRNA nucleotides engaged in binding are CCUCCU. These are the nucleotides that are usually looked for visually, when attempting to identify SD sequences. The region mostly involved in binding on the mRNA is located between -12 to -7 relative to the translational start position. The average distance between the last mRNA nucleotide participating in the pairing (at the 3' end) and the translational start codon is 6.4 nucleotides. There is only moderate correlation between the free energy values of the selected SD sequences and their location relative to the translational start position (r=0.45). The distribution of free energy values for the 1159 genes in the database is demonstrated in Figure 3 , in comparison with the distribution of free energy values calculated similarly for 1000 regions upstream from randomly selected internal AUG codons. The two distributions are clearly different (p< 0.0001 by a ttest on the mean values of the two distributions). In general, the sequences of regions upstream from the spurious initiation codons show higher free energy values than the sequences upstream from actual translational start codons. Also, the percentage of sequences with no energetic gain upon pairing with the rRNA, i.e., with no defined SD region, is higher in the spurious sequences. This result supports the validity of the free energy value as a quantitative measure for the quality of a Shine-Dalgarno sequence.
For 1121 out of 1159 genes there is at least one sub-sequence of nucleotides that yields a free energy gain when pairing with the rRNA. The average free energy value per gene is -4.9 kcal/mol with a standard deviation of 2.4 kcal/mol. The genes with lowest free energy values, hence, best SD sequences, are listed in Table I . Note that an optimal sequence with a perfect match to the SD sequence gives a free energy value of -19.5 kcal/mol, while the best score for E.coli genes in the database is -14.3 kcal/mol. When examining this group of genes no obvious common denominator can be seen. They are spread all along the genome and vary functionally.
For the other 38 genes (listed in Table II) there is no string of nucleotides that gives a free energy gain when pairing with the rRNA. This list, as that in Table I , contains genes that vary in their function and location along the chromosome. However, 45 % of these sequences (17 genes) are of unknown function, in comparison to 17% genes with unknown function in the whole database. The absence of an SD region in these sequences may suggest that some of them are not actual genes, as most of them were determined in E.coli genome as open reading frames (21) . The sequences with known function in this list have been further analyzed to try and find an alternative mechanism that would enable pairing with the rRNA. Two possibilities have been considered: a) An SD sequence further upstream from the AUG. As the distance between the SD sequence and the AUG was shown to be important and to influence translation level (1 -3) , the search for a distant SD region has been supplemented by examining the potential for stem-loop formation in the interval between its location and the AUG. Existence of such a stem-loop secondary structure could bring the distant SD sequence closer to the AUG, enabling it to function in a regular fashion. An example for such a structure can be seen in gene 38 of bacteriophage T4 (3). Using the program described above, all pairing options with the SD rRNA have been checked in a region of 100 nucleotides upstream from the AUG, and the string with lowest free energy value upon binding has been selected. Some of the new upstream subsequences have lower free energy values than the average. No common distance from the translational start site could be identified. Stem-loop structures downstream from the distant SD region have been searched for, by using the FOLD program of the GCG package (22) , but consistent such structures could not be identified. b) An alternative common pattern in the vicinity of the AUG, different from SD region, that would be complementary to other regions of the rRNA. Standard sequence comparison programs (22) have been used to search for such complementarities. Included are the genes that appear in the right most category of the histogram in Figure 2 . Names of genes and locations on E.coli chromosome (in centisomes) are consistent with the file Ecogen5, that includes an ordered database of E.coli sequences (18, 19) . The function description is taken from a recent compilation by M. Riley (32). Free energy values are calculated as described in the Methods section. '-' indicates that the gene's function is unknown.
However, no such pattern could be identified that is common in more than a few sequences. Complementarity between the rRNA and mRNA in other regions was proposed before (23) (24) (25) (26) .
In particular, a sequence located downstream from the translational start position and termed the downstream box was proposed as an additional mechanism for ribosome binding in highly expressed genes (24) , and was shown to compensate for the lack of a 5' leader region in the cl gene of the phages lambda and HKO22 (27) . No significant appearance of the downstream box could be identified in the sequences listed in Table II . Some genes could be translationally coupled to upstream adjacent genes with an energetically favorable SD region. A potential translational coupling requires that the involved genes be in close proximity. We have screened the genes that are located Included are the genes that appear in the left most category of the histogram in Figure 2 . Names, locations on chromosome, and function of gene are as in Table I. upstream from and adjacent to the genes listed in table n, to identify genes with stop codons that are in close proximity to the start codons of the genes with no SD region. A distance not greater than 35 bases, approximately the size that is covered by the ribosome, has been considered as close. In 7 out of the 38 genes such potential translation^ coupling could be identified; this frequency is not greater than expected, based on the frequency of such proximal genes in the whole database. Also, a translational enhancer, consisting of UUUUUUUU, was identified in the rnd gene of E. coli and was proposed to play a role in translation of genes with a weak SD region (28) . Such a U 8 signal could not be detected in this group of genes.
It is conceivable that an SD region with the potential to bind more favorably with the rRNA could bring about higher translation levels of its gene. In the absence of consistent quantitative data on the level of translation of different genes it is impossible to examine its relationship to the SD measure defined here. In a previous study (25) , mere was an attempt to relate the quality of the SD region with the level of expression of different genes, as documented in reference 29. Thanaraj and Pandit (25) chose consecutive nucleotides for the SD region and calculated its free energy of pairing with the rRNA based on the free energy values of the dinucleotides (12) . They claimed that highly expressed genes show lower free energy values than poorly expressed genes, and that they contain additional regions complementary to the rRNA. The SD measure presented here uses more accurate free energy calculations and demonstrates similar relationships for these groups of genes. Thus, the genes listed in previous studies as highly expressed (25, 29) have lower free energy values than the genes listed as poorly expressed. However, examining free energy values of poorly and highly expressed genes, without relating them to the average value in the whole database, might be misleading. We find that the average free energy values of these two groups of genes do not deviate significantly from the mean free energy value of all genes. Therefore, at least based on that sample (25) , it seems that the stability of the duplex between the rRNA and the Shine-Dalgarno region, is not a distinctive measure between highly and poorly expressed genes. Also, high levels of expression are due to many factors and do not necessarily reflect high translation levels, implying that the information on level of expression may not be sufficient. To account for the correlation between the SD measure proposed here and the level of translation, direct measurements regarding the level of translation of different genes are needed. However, even if such data existed, we would not expect a linear relationship between the level of translation and the SD measure (3, 6) . Dreyfus (30) has cloned small DNA fragments of actual ribosome binding sites as well as intergenic and coding regions to a ribosome binding selection vector. All authentic start sites, except for two without an SD region, showed some level of translation. In other sequences no translation at all could be identified, despite the presence of an SD sequence spaced appropriately relative to the start codon. From that study, it is clear that ribosome binding is determined by several factors dictated by the sequences in the vicinity of the SD sequence, that still have to be revealed. The SD region is an important determinant for translation initiation, but it acts in concert with other determinants. Other factors like the initiation codon, the spacing between the SD sequence and the initiation codon, and the native secondary structure of the mRNA (31) play a role in determining the translation initiation efficiency. A combination of all these factors probably determines translation rate (1) (2) (3) (4) 6, 30, 31) . At this stage we cannot predict that the genes listed in Table I are more efficiently translated than other genes, or that the genes listed in Table II are less efficiently translated, but only to document that they have better or worse SD sequences according to our quantitative measure.
The SD measure presented here is based not only on consecutive nucleotides of the SD region, but also allows for gaps in the mRNA or rRNA, introducing bulges or internal loops to the paired region. The inclusion of gaps enables longer subsequences of the SD region to be identified. If the free energy gain for the additional base pairs compensates for the penalty of a bulge or an internal loop, the longer sequences have the potential to interact favorably with the rRNA, and there is no justification for excluding these possibilities from consideration a priori. About half of the sequences in our database are found to contain SD sequences predicted to interact more favorably with the rRNA when bulges or internal loops are introduced. The free energy calculations are done as accurately as possible, according to the same rules that are assumed for folding of a single RNA molecule. This measure can be used for the selection of the most favorable SD string in a given sequence, and enables a quantitative comparison between SD regions of different genes.
With future accumulation of data regarding translation rates, it should be possible to combine the quantitative measure proposed here with other sequence dependent factors that determine translation efficiency, to predict the level of translation, based on sequence data alone.
